The results of experimental and theoretical investigations of carbon-modified MgH 2 for improving its sorption performances in hydrogen storage devices are reported. Large changes on its absorption/desorption capacities have been found. The following aspects are considered: size effects where finer particles obtained by energetic ball milling enable easier penetration, catalytic effects of carbon at the surface, and entrance of small quantities of C interstitially into the MgH 2 structure. The energies and charge densities as studied by DFT suggest the activation of MgH 2 through a decrease of the cohesive energy of the pristine hydride and a reduced ionic charge on hydrogen.
Introduction
Hydrogen is one of the most attractive energy carriers because of its high energy density and low carbon emission [1 -4] . In order to maximize its use, safe and efficient ways to store and deliver hydrogen need to be developed. Magnesium is a potential candidate for hydrogen storage due to its abundance, low cost and non-toxic nature. Its high theoretical gravimetric capacity of 7.6 wt.-%, low density and reversibility make it an attractive material for hydrogen storage [5 -7] . However, despite these advantages, the hydrogen absorption/desorption at standard conditions need to be improved. The high binding energy between magnesium and hydrogen (74.7 kJ mol −1 of H 2 ) requires high temperature at above 300 • C to release hydrogen [8] . This makes difficult the direct use of MgH 2 in storage devices. Many studies over the last years have concentrated on efforts to improve the absorption/desorption kinetics of MgH 2 by p-type elements such as carbon [9 -11] or transition metals such as Ni, Fe, Ti, and V [12, 13] . The transition metal catalysts are known to promote the dissociation/recombination of hydrogen thereby resulting in fast hydrogen absorption/desorption. Introducing nickel leads to materials with reversible hydrogen absorption ability such as in Mg 2 NiH 4 [14, 15] . The formation of MgH 2 /carbon nanotube composites by ball milling was shown to improve hydrogen absorption/desorption kinetics [16] . Recently, we have shown that magnesium mixed with graphite by ball milling enhances the absorption properties [17] . No experimental work has been reported on a possible presence of carbon within the structure. The insertion of carbon or other light elements of the first period into MgH 2 should not change much the gravimetric density necessary for applications, while modifying the electronic structure such as the cohesive energy and the charge on hydrogen, and therefore the absorption/desorption capacity. We have shown that the ionic character of hydrogen in ionic hydrides is strongly reduced by selective substitutions of Mg by Ni [18] .
This manuscript is divided into two parts; a first experimental part relates to the formation by mechanical grinding of Mg/carbon fiber materials and the measurements of the hydrogen sorption kinetics. A second part presents a theoretical approach investigating the effects of the presence of foreign elements such as carbon entering the MgH 2 structure interstitially as based on computations within the well established quantumtheoretical density functional DFT framework [19, 20] .
Experimental Section
Mg (Strem Chemicals, 99.9 %) and carbon fibers (R-A301; TEIJIN LIMITED) were used as starting materials. Ball milling was performed during 10 h under 10 bars of hydrogen using stainless-steel jar and balls, with a ball-topowder mass ratio of 19 : 1 using a planetary ball miller type Fritsch pulverisette 5 to produce (i) a nanostructured magnesium and (ii) two composite materials Mg/5 wt.-% carbon fibers and Mg/10 wt.-% carbon fibers. The samples were characterized by X-ray diffraction (XRD) using a Philips PANalytical X'Pert (PW1820) diffractometer with CuK α1 radiation. The crystallite sizes were determined from the peak broadening using the Williamson-Hall plot. Particle size and morphology were studied by scanning electron microscopy (SEM) using a Tescan VEGA3 SB microscope. The C2-3000 automatic cycler of Hera Hydrogen Systems ® was used for the measurement of the hydrogen sorption kinetics of the materials.
Results and Discussion
The X-ray diffractograms of commercial Mg and of the Mg/10 wt.-% carbon fiber samples ball milled for 1, 3, 5, and 10 h are shown in Fig. 1 . With increasing the milling time, the intensity of the Mg characteristic peaks decreases (i. e. decrease in crystallite size and/or transformation of the phase). The appearance of characteristic peaks of magnesium hydride after 3 h of grinding means that the transformation of magnesium into its hydride begins. In addition, the disappearance of the characteristic peak of carbon at 26 • indicates that the fibers were broken during the grinding (i. e. decrease of their crystalline character) and dispersed in the Mg matrix. Finally, an interesting change in the relative intensity of the peaks of Mg (101) and Mg (002) was observed after 1 h of milling, indicating that preferential orientation is induced along the crystallographic c axis. This result is similar to the one obtained in Grosjean and Yongan's works [21, 22] . The energy required to achieve this deformation by sliding perpendicular to the c axis is significantly lower than in other directions. Thus, deformations are much easier to generate. However, the accumulation of energy after prolonged grinding (from > 3 h) leads to a random deformation of the powder and a loss of the (002) texture.
Fig. 2 presents two micrographs:
The first (left) shows sticks of carbon fibers (Cf), between the particles of magnesium, and the second (right) shows an intimate mixture of the two components after mechanical grinding. These two micrographs also show the reduction in the particles size after grinding. We note that this size has changed from a few tens of microns before ball milling to only a few microns after treatment of the agglomerates.
The absorption kinetics at 300 • C under 10 bars of H 2 and the desorption at 330 • C under 0.3 bar of commercial Mg and of samples ball-milled for 10 h without additives or with 5 % and 10 % by weight of Cf are shown in Figs. 3 and 4 . The addition of carbon fibers improves the hydrogen sorption kinetics but also decreases the maximum storage capacity of magnesium (e. g. proportionally to the amount of added carbon). These results are similar to those found in the literature [23 -28] .
In view of the results, three assumptions can be made: (i) carbon fibers help obtaining finer particles during grinding, creating new paths for the penetration of hydrogen as well as a larger contact surface powder/gas, (ii) carbon acts as a catalyst on the surface of the particles, which helps in the decomposition of H 2 molecules, and (iii) small amounts of carbon atoms can enter the MgH 2 structure as interstitials affecting the strength of the Mg-H chemical bond. This assumption is analyzed below.
Computational Section
For the quantum mechanical DFT modeling of carbon presence within MgH 2 the Vienna ab-initio simulation package (VASP) [29, 30] was used. This package allows geometry optimization and total energy calculations. For this we use the projector augmented wave (PAW) method [30, 31] , built within the generalized gradient approximation (GGA) scheme following Perdew, Burke and Ernzerhof (PBE) [32] and accounting for the valence electrons. Including semi-core Mg 2p 6 states in the PAW potentials is necessary to avoid a too large ionic character of H as H −1 which would be obtained by a full departure of two electrons from Mg. Preliminary calculations with local density approximation LDA [33] led to an underestimated volume versus the experiment: V LDA ( MgH 2 ) = 55.6 Å 3 and V GGA ( MgH 2 ) = 58.2 Å 3 . The tetrahedron method with Blöchl corrections [31] as well as a MethfesselPaxton [34] scheme were applied for both geometry relaxation and total energy calculations. Brillouin zone (BZ) integrals were approximated using the special kpoint sampling [34] . The optimization of the structural parameters was performed until the forces on the atoms were less than 0.02 eV Å −1 and all stress components less than 0.003 eV Å −3 . The calculations converged at an energy cut-off of 400 eV for the plane-wave basis set with respect to the k-point integration with a starting mesh of 4 × 4 × 4 up to 8 × 8 × 8 for best convergence and relaxation to zero strain. From the calculations, an illustration of the electron distribution is available from the electron localization function (ELF) [35, 36] . ELF is a normalized function between 0 (zero localization, blue zones) and 1 (strong localization, red zones) with the value of 1 / 2 corresponding to a free electron gas behavior (green zones), cf. Fig. 5 . An analysis of the charge density is done with the Atoms in Molecules and Crystals approach (AIM) introduced by Bader [37] who developed an intuitive way of dividing molecules into atoms as based purely on the electronic charge density. For each atom in the compound, Bader considers it as surrounded by a surface running through minima of the charge density. Then the total charge of an atom is determined by integration within the Bader region. Such an analysis can be useful when trends of charge transfer are sought; they do not constitute a tool for evaluating absolute ionizations. In the presently studied compounds we evaluate the changes in total charge on H in MgH 2 and the carbon-modified compound.
Building of a model crystal structure
The rutile structure AX 2 does not allow the observation of local modifications because of the presence of only one equivalent of A. One solution is to find a candidate model based on rutile. From the extensive discussion of rutile-type derivatives by Baur [38] , orthorhombic CoReO 4 , MgUO 4 types and trirutile could be envisaged. However, the latter appears to be the best choice because it has the same tetragonal symmetry as simple rutile with space group P4 2 /mnm and six formula units (FU) per cell (Table 1 and Fig. 5 ). Also the insertion of a foreign element can be done selectively to chemically affect one of the six Mg atoms in the trirutile cell, namely the Mg1 site (two equivalents: one at the origin and one at 1 / 2 , 1 / 2 , 1 / 2 ) and its neighboring H1 whereas Mg2 (four equivalents) and its neighbor- ing H2 should be less subjected to direct effects of the p element as depicted in Fig. 5 . It needs to be noted that the rutile structure presents several interstitial sites. The diffusion of foreign chemical species such as lithium into rutile TiO 2 was studied by Kingsbury et al. [39] using semi-empirical BornMayer potentials. The authors considered the (8i), the (4c) and (4d) positions with the latter two as energetically most favored and with little energy difference between them. We here consider the insertion effects of carbon.
Geometry optimization and cohesive energies
The results of the calculation for trirutile Mg 3 H 6 are given in Table 1 . The volume V = 175.1 Å 3 i. e. 58.4 Å 3 per FU, is 5 % smaller than the experimental value of 61.6 Å 3 . Regarding the total energy, it is important to check the cohesive energy per H 2 pair with respect to the experiment. Following the experimental work of Yamaguchi et al. [40] , the cohesive energy of MgH 2 per mole of dihydrogen (H 2 ) is E coh = − 0.79 eV. For the purpose of approaching the experiment, the energies of the constituents were calculated: Mg (hexagonal, with 2p 6 semi-core states) = − 2.784 eV (2 FU); dihydrogen (in a large box) = − 6.93 eV; C (hexagonal) = − 9.49 eV (2 FU). The cohesive energy per H-H pair is then obtained: E coh ( Mg 3 H 6 ) = − 0.81 eV in good agreement with the experiment [40] . This provides reliability for the computational method and the trirutile model structure.
The calculations for the insertion of carbon at 0, 1 / 2 , 0 (Wyckoff position 4c), i. e. with four equiva- lents, provide the results given in the 2 nd column of Table 1 . Changes of the atomic positions and of the volume are observed especially for the large volume increase expected from the added extra atoms. Also the internal coordinates are slightly modified. The relevant feature is the strong reduction of the cohesive energy down to -0.13 eV per H 2 . The large amount of inserted C in the model host strongly destabilizes the hydride so that less carbon content could be tolerated interstitially. Further calculations with one carbon atom out of the four led to a cohesive energy E coh = − 0.44 eV per H 2 which is then close to half the magnitude of E coh ( MgH 2 ). It may be concluded that small amounts of inserted carbon are likely to induce large effects on the electronic structure, and the energy destabilization of MgH 2 with carbon is in favor of the aimed MgH 2 activation for potential use in devices.
Changes of the ionic-covalent character and of the electronic structure
The results can be further assessed using a charge analysis within Bader's Theory of Atoms in Molecules (AIM) introduced above [37] . For the pristine hydride the large ionic character of MgH 2 has been confirmed by the calculations with an average charge of H −0.82 also obtained by others [41] .
Upon the insertion of one carbon in the neighborhood of Mg1, at either one of the planes shown in Fig. 5 , there is a lowering of the ionic character of H1 down to −0.25, and to −0.71 for H2 which is in the neighborhood of Mg2. The role of carbon which becomes negatively charged is to drain electrons from hydrogen. This is obvious from the large change in the hydrogen ionic character in the neighborhood of carbon but also at the other hydrogen sites. This is illustrated in Fig. 5 showing the ELF slices at horizontal planes crossing Mg2, H2 (Fig. 5a) and Mg1, H1 with carbon ( Fig. 5b) for a calculation accounting for a reduced number of carbon atoms, two out of four at position 4c. An ionic-like behavior close to that of MgH 2 is observed in Fig. 5a from the strong localization (red contours with ELF ∼ 0.8) around H2 while no localization (blue contours with ELF ∼ 0.1) characterizes Mg2. On the opposite, the ELF slice showing the Mg1, H1 plane (Fig. 5b) exhibits a different character with electron localization around H1 extending to carbon. This is further elaborated in Fig. 5c showing an extended ELF slice over 4 adjacent cells. In panels b) and c) the blue areas of zero localization are reduced to the immediate neighborhood of Mg1 in comparison to panel a).
These observations are indicative of an overall change of the electronic structure due to the carbon insertion. MgH 2 is an insulator with a large band gap of ∼ 4 eV at the top of the valence band E V as shown in Fig. 6 . The valence band (VB) and the conduction band (CB) are dominant with H partial DOS (PDOS) whereas the Mg PDOS show lower magnitude. This is not only due to the twice larger number of H in the structure but also to the transfer of electrons from Mg to H leading to a more hydridic (ionic) character. Carbon PDOS have been shown by the calculation to be schematically at the bottom of the VB for carbon s states and shifted into the gap for carbon p states.
Conclusion
Carbon-modified samples of the ionic hydride MgH 2 have been shown experimentally to have improved absorption/desorption capacities for hydrogen. A proposition is made and confirmed by ab initio investigations that small amounts of carbon inserted into the crystal structure are likely to drastically change the ionic-covalent character of hydrogen through draining of electrons. Small quantities of carbon introduced into Mg melts are being tested [42] to bring further support for the theoretical findings regarding the chemical effects in composites C:MgH 2 or the local formation of magnesium carbides.
